Abstract-The 1,3-dipolar cycloaddition of dimethyl acetylenedicarboxylate with nonstabilized azomethine ylides, generated via the decarboxylative condensation of 1,3-thiazolidine-4-carboxylic acids with aldehydes, afforded 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole derivatives. 2-Substituted-1,3-thiazolidine-4-carboxylic acids led to the stereoselective formation of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles. Quantum-chemistry calculations were carried out allowing the rationalization of the observed stereoselective formation of the anti-dipole.
Introduction
The observation made by Rizzi that the rate of thermal decarboxylation of a-amino acids is accelerated in the presence of carbonyl compounds led to the proposal that azomethine ylide intermediates were involved. 1 This type of 1,3-dipole generation has been further explored and became an interesting route to nonstabilized azomethine ylides.
The work reported by Tsuge and co-workers has shown that the decarboxylative approach to azomethine ylides occurs via the formation of an oxazolidinone intermediate, rather than the direct decarboxylation, followed by carbon dioxide elimination. In fact, N-phenylaminoacetic acid 1 undergoes condensation with paraformaldehyde, under reflux, to give 3-phenyloxazolidin-5-one 2, isolated in quantitative yield. This compound readily eliminates carbon dioxide to give the corresponding azomethine ylide 3, which can be trapped by reacting with dipolarophiles (Scheme 1). 2a Isolation of other N-substituted-oxazolidin-5-ones from the condensation of formaldehyde with a-amino acids has also been reported. 2b Based on the cycloadducts' stereochemistry, it is possible to conclude that the formation of the 1,3-dipole is stereospecific in many instances, which is in agreement with a process via 1,3-dipolar cycloreversion of the oxazolidin-5-one intermediate.
Cyclic a-amino acids such as 1,3-thiazolidine-4-carboxylic acids can be used for the generation of nonstabilized azomethine ylides by decarboxylative condensation with carbonyl compounds. The reaction with aldehydes is reported to involve the highly stereoselective formation of the anti-dipole, although the subsequent cycloaddition shows little exo/endo selectivity. The nonstabilized ylides can participate in both inter-and intramolecular cycloaddition processes, originating a range of nitrogen heterocycles, including bridgehead heterocycles. [2] [3] [4] [5] [6] [7] [8] [9] In fact, Grigg and co-workers reported the reaction of thiazolidine-4-carboxylic acids 5 with benzaldehyde, 2-pyridaldehyde, and N-substituted maleimides, which afforded a mixture of the endo-and exo-cycloadducts 7a-7c, derived from the anti-dipoles 6.
3 Kanemasa and coworkers have also reported that cycloadducts 7d and 8 can be obtained as mixtures of stereoisomers from the reaction of 4-thiazolidinecarboxylic acid 5a with paraformaldehyde and N-(p-tolyl)maleimide or dimethyl maleate, respectively. 2 The involvement of the oxazolidin-5-one intermediates is strongly supported by the observation that thiazolidine-4-carboxylic acid reacts with pivalaldehyde giving (2R,7aR)-3-tert-butyl-dihydro-thiazolo[3,4-c]oxazol-1-one selectively. 10 On the other hand, the corresponding derivative obtained from L-proline undergoes cycloaddition to tetramethyl ethylene-1,1,2,2-tetracarboxylate with loss of carbon dioxide. 11 In contrast with the preceding results, the reaction of thiazolidine-4-carboxylic acid 5a with paraformaldehyde and an excess of methyl propiolate, under reflux in toluene, gives the interesting ring expanded product 9 9 (Scheme 2).
In this paper, we describe the reactivity of nonstabilized azomethine ylides generated from 1,3-thiazolidine-4-carboxylic acids toward alkynes, which led to the development of a route to 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles. The aim of the work was also to get further knowledge on the mechanism of the dipole generation. Selecting an alkyne as dipolarophile, the dimethyl acetylenedicarboxylate (DMAD), the problem of the endo/exo selectivity of the cycloaddition does not need to be considered, making easier the gathering of information concerning the stereoselectivity of the dipole generation.
Results and discussion
We chose the decarboxylative condensation of 2-unsubstituted-1,3-thiazolidine-4-carboxylic acid 5a with aldehydes and the corresponding 1,3-dipolar cycloaddition with dimethyl acetylenedicarboxylate to start our study (Scheme 3). The reaction with paraformaldehyde led to the synthesis of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole 10a in 73% yield, resulting from the cycloaddition of the anti-dipole with DMAD. From the reaction of thiazolidine 5a with acetaldehyde, in the presence of the same dipolarophile, two products were obtained, the expected cycloadduct 10b in 25% together with the formation of compound 12 (10%).
The synthesis of compound 12 can be rationalized as shown in Scheme 4. The iminium salt generated from the reaction of the thiazolidine 5a with acetaldehyde, the simplest enolizable aldehyde, is converted into an enamine, which undergoes further condensation with acetaldehyde to generate the corresponding azomethine ylide. This ylide reacts with DMAD to give the 1,3-dipolar cycloadduct 12. It is a reactivity that is similar to the one reported for the reaction of N-benzylglycine with acetaldehyde in the presence of N-(p-tolyl)maleimide.
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The (5R,7aS)-5-ethyl-5,7a-dihydro-1H,3H-pyrrolo[1,2-c]-thiazole 10c was obtained in 72% yield when the reaction was carried out with propionaldehyde (Scheme 3). However, from the condensation of thiazolidine 5a with benzaldehyde in the presence of DMAD the cycloadduct 10d, derived from the anti-dipole, was not the only product. Compound 11d was also obtained proving that the syn-dipole has also been generated. A similar result was observed when the reaction was carried out with p-nitrobenzaldehyde, which led to 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles 10f (22%) and 11f (10%).
This decarboxylative condensation of thiazolidine 5a with p-nitrobenzaldehyde also resulted in the formation of 2,3-di(p-nitrophenyl)-2,3,7,7a-tetrahydrothiazolo[3,4-b]oxazole 13 in 1% yield. Thus, the in situ generated nonstabilized azomethine ylide also participates in a 1,3-dipolar cycloaddition in which the carbonyl group of the aldehyde acts as dipolarophile (Scheme 5). Intramolecular 1,3-dipolar cycloaddition of this type of dipoles with carbonyl groups has been previously reported. 6 In the case of the use of p-methoxybenzaldehyde only cycloadduct 10e was obtained in 51% yield (Scheme 3). The assignment of the resonances in the 1 H and 13 C NMR spectra of compound 10e was supported by a two-dimensional HMBC ( 1 H/ 13 C-long range) spectrum. The stereochemistry of 10e was established based on a NOESY spectrum where no connectivity was observed between H-7a and H-5 ( Fig. 1) .
The reactions described above, starting from thiazolidine 5a, also afforded dimethyl 3,4-bis[(1,2-bis-methoxycarbonylvinyl)]thiazolidine 14 in less than 5% yield. The synthesis of 14 can be explained by considering an initial conjugated addition of thiazolidine 5a to DMAD, followed by decarboxylation and a subsequent conjugated addition to a second molecule of DMAD. This result was confirmed by carrying out the reaction of thiazolidine 5a with DMAD in the absence of the aldehydes, which also led to compound 14 (Scheme 6). We turned our attention to the study of 2-substituted-1,3-thiazolidine-4-carboxylic acids. These heterocycles are obtained from the reaction of aldehydes and L-cysteine esters in a process where a new chiral center at the C-2 position of the thiazolidine is created leading to a mixture of the (2S,4R)-and (2R,4R)-diastereoisomers. It is known that the acylation of the diastereoisomeric mixture can lead to the selective synthesis of N-acyl-2-substituted-1,3-thiazolidine-4-carboxylates as pure stereoisomers with (2R,4R) or (2S,4R) stereochemistry depending on the reaction conditions. 12 In fact, 2-substituted-1,3-thiazolidine-4-carboxylates can undergo selective inversion at C-2 through a mechanism involving the opening of the ring, but the protection with the acyl group prevents this epimerization and allows the isolation of pure diastereoisomers. We set out to evaluate if a similar chemical behavior of the 2-substituted-1,3-thiazolidine-4-carboxylic acids could be observed in the synthesis of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles, namely to determine if a selective inversion at C-2 could also occur in the present case.
2-Isopropyl-1,3-thiazolidine-4-carboxylic acid 15 was prepared and condensed with aldehydes in the presence of DMAD (Scheme 7). High stereoselectivity was observed by carrying out the reaction with paraformaldehyde and benzaldehyde with exclusive isolation of the stereoisomers 16a and 16c, respectively. The reaction of 15 with propionaldehyde led to the synthesis of compound 16b as the major product but stereoisomer 17 was also isolated. It is worthwhile to emphasize that all the cycloadducts obtained from the reaction of thiazolidine 15 resulted from the cycloaddition of the corresponding anti-dipole. The reaction of thiazolidine 15 with acetaldehyde in the presence of DMAD led to a different outcome. Although, the expected cycloadduct 16d could be obtained in 20% yield, the 3,5-dimethyl-5,7a-dihydro-1H,3H-pyrrolo[1,2-c]-thiazole-6,7-dicarboxylates 16e and 16f were also obtained in 18 and 7% yield, respectively (Scheme 8). The synthesis of 16e and 16f can only be explained by considering the opening of the thiazolidine ring of 15 followed by the condensation with acetaldehyde to give 2-methylthiazolidine-4-carboxylic acid, which can than react with acetaldehyde and DMAD to give the final products.
The chemistry of (2S,4R)-and (2R,4R)-2-phenyl-1,3-thiazolidine-4-carboxylic acid mixture (5c) as precursor of nonstabilized azomethine ylides was also studied (Scheme 9).
No evidence for the generation of the syn-dipole from this thiazolidine could be observed. Reactions with paraformaldehyde, propionaldehyde, benzaldehyde, and p-methoxybenzaldehyde in the presence of DMAD were carried out. Stereoselectivity for the formation of the (3R,5R,7aS)-stereoisomers was observed. In fact, with paraformaldehyde and propionaldehyde the cycloadducts 18a and 18b were obtained in good yields (57 and 64%) as the major products and the stereoisomers 19a and 19b were obtained in low yield (9 and 7%).
The assignment of the resonances in the 1 H and 13 C NMR spectra of compounds 18b and 19b was supported by a twodimensional HMBC spectrum. In the NOESY spectrum of compound 18b, H-7a shows connectivity with the aromatic proton H-6 0 but no connectivity with H-3 nor with H-5. Correlation of H-3 with H-5 is also observed. In the NOESY spectrum of 19b, H-7a shows connectivity with H-3 and no connectivity with H-6 0 nor with H-5. No correlation was observed between H-3 and H-5. These observation allowed the establishment of the stereochemistry of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles 18b and 19b (Fig. 2) .
The reaction of thiazolidine 5c with aromatic aldehydes in the presence of DMAD afforded the corresponding (3R,5R,7aS)-stereoisomers (18c and 18d) exclusively, although in moderate yield (Scheme 9). The assignment of the resonances in the 1 H and 13 C NMR spectra of compound 18d was supported by a two-dimensional HMBC spectrum. In the NOESY spectrum, H-7a shows connectivity with aromatic proton H-6 0 but no connectivity with H-3 nor with H-5 was observed. On the other hand, H-3 correlates with H-5. These observations are in agreement with the (3R,5R,7aS) stereochemistry of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazole 18d (Fig. 3) .
The results of the decarboxylative condensation of p-nitrophenyl-1,3-thiazolidine-4-carboxylic acid 20 with aldehydes in the presence of dimethyl acetylenedicarboxylate are presented in Scheme 10. Once more, only products of the 1,3-dipolar cycloaddition of the anti-dipole were formed. On the other hand, selectivity for the synthesis of the (3R,5R,7aS)-stereoisomers was again observed. 
Computational study
The quantum-chemistry calculations were applied in order to explain the anti/syn selectivity of the decarboxylative condensation of 1,3-thiazolidine-4-carboxylic acid (5a) with aldehydes. We concentrated on the reaction steps transforming the reactants into the azomethine ylide intermediates, through thiazolidin-3-ium-4-carboxylate betaine and thiazolo[3,4-c][1,3]oxazol-1-one intermediates (Fig. 4) . Two cases were considered: reaction with propionaldehyde (RCHO, R¼Et), in which the selective formation of anti conformer of the 1,3-dipole intermediate was observed, and benzaldehyde (R¼Ph), which led to both anti and syn forms in a 4.1:1 proportion (Scheme 3). Lack of strong interactions, particularly H-bonds, between the solvent (toluene) and the postulated reaction intermediates implies that gas-phase calculations should be, at least qualitatively, applicable in modeling of the system under study.
The general scheme for the reaction with relevant calculated data is presented in Figure 4 . More detailed data on the optimized structures of the different species that are postulated to be formed along the reaction are given in Figures S1 and S2 and Tables S1-S6 (see Supplementary data). The optimization of the input structures of the 1,3-thiazolidin-3-ium-4-carboxylate betaine intermediate brought both Z and E conformers for R¼Ph, whereas in the case of R¼Et only E conformers were found to be stable.
The energy barriers between E and Z isomers of the 1,3-thiazolidin-3-ium-4-carboxylate betaine intermediate in the case of R¼Ph were calculated to be low enough (50 kJ mol À1 ) to be overcome under the experimental conditions used. Therefore, it can be stated that both conformers of this species exist in equilibrium in the reaction media. Their estimated abundances at 383 K are ca. 92% (Z) and 8% (E) (see Fig. 4 and also Tables S1 and S2, where relative energies and Gibbs free energies are also presented).
The formation of the oxazolidinone ring proceeds via nucleophilic attack of the carboxylate group on the sp 2 carbon atom. The stereoselective cyclization of the Z and E conformers leads to the production of the syn and anti thiazolo[3, 4- The gas-phase calculations predict that the energy of the syn conformers of 1,3-dipole intermediates relative to the anti forms is ca. 23 and 17 kJ mol À1 for R¼Et and Ph, respectively. Moreover, according to the calculations, the barrier heights for syn-anti interconversion of the 1,3-dipole intermediates are low (80-120 kJ mol À1 ; see Fig. 4 ). This suggests that, once produced, the possible conformers of the 1,3-dipole intermediates exist in equilibrium. For R¼Et, the abundances of the syn and anti forms calculated at the temperature of reaction are 0.3 and 99.7%, respectively. Also taking into account that only anti intermediate is formed after decarboxylation, the experimental observation of the sole anti form for R¼Et is easily rationalized. Different behavior is observed when R¼Ph. In this case, the ringclosing and decarboxylation reactions must give rise to both anti and syn conformers of the 1,3-dipole intermediate, since the final product was obtained in a 4.1:1 anti/syn stereoisomeric ratio. The theoretical calculations predicted that the produced amount of syn 1,3-dipole intermediate should be significantly higher (ca. 92%) than that of the anti conformer (ca. 8%), because of the lower energy of the Z conformer of 1,3-thiazolidin-3-ium-4-carboxylate betaine compared to E (see Fig. 4 ). On the other hand, the anti 1,3-dipole intermediate was predicted to be more stable than the syn form by ca. 17 kJ mol À1 . Then, after being formed in a comparatively larger amount, the syn conformer can be expected to partially convert to the anti form, while reaction with DMAD (to produce the final product, 5,7a-dihydro-1H,3H-pyrrolo-[1,2-c]thiazole) takes place, leading to the observed stereoisomeric ratio.
In summary, it can be stated that the practical relevance of both anti and syn conformers of the final product for R¼Ph and of only the most stable anti form for R¼Et results mainly from the conjugation of three factors: (a) the instability and, therefore, lack of the Z form of 3-propylidene-1,3-thiazolidin-3-ium-4-carboxylate, (b) the considerably lower energy of the Z form of 3-benzylidene-1,3-thiazolidin-3-ium-4-carboxylate betaine relatively to the E form, and (c) the concerted mechanism for the ring-closing reaction that is responsible for the formation of anti and syn conformers of 1H- [1, 3] 
Conclusion
The decarboxylative condensation of thiazolidine-4-carboxylic acids with aldehydes in the presence of DMAD leads to 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles via 1,3-dipolar cycloaddition of nonstabilized azomethine ylide intermediates. The reaction of 2-substituted-1,3-thiazolidine-4-carboxylic acids allows the exclusive or stereoselective formation of 5,7a-dihydro-1H,3H-pyrrolo[1,2-c]thiazoles. Selectivity for the formation of the anti-dipole is observed. Only in the reaction of thiazolidine-4-carboxylic acid (5a) with benzaldehyde and p-nitrobenzaldehyde in the presence of DMAD the generation of the syn-dipole was detected.
Quantum-chemistry calculations were carried out allowing the rationalization of the observed stereoselective formation of the anti-dipole for the decarboxylative condensation of thiazolidine-4-carboxylic acid with propionaldehyde and with benzaldehyde.
Experimental

General
1 H NMR spectra were recorded on a Bruker Avance 300 instrument operating at 300 MHz. 13 C NMR spectra were recorded on a Bruker Avance 300 instrument operating at 75.5 MHz. The solvent is deuteriochloroform except where otherwise indicated. IR spectra were recorded on a PerkinElmer 1720X FTIR spectrometer. Mass spectra were recorded on an HP GC 6890/MSD5973 instrument under electron impact (EI) except where otherwise indicated. Optical rotations were measured on an Optical Activity AA-5 electrical polarimeter. Microanalyses were performed using an EA 1108-HNS-O Fisons instrument. Melting points were recorded on a Reichert hot stage and are uncorrected. Flash column chromatography was performed with Merck 9385 silica as the stationary phase. 1,3-Thiazolidine-4-carboxylic acids 5a, 17,18 5c, 19 15, 20 and 20 were prepared by a procedure described earlier, starting from L-cysteine, and were isolated as a mixture of the (2R,4R) and (2S,4R) diastereoisomers.
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General procedure for the decarboxylative cycloaddition reactions
A mixture of thiazolidine-4-carboxylic acid (3.75 mmol), aldehyde (9.4 mmol), and dimethyl acetylenedicarboxylate (5.6 mmol) in toluene (40 mL), in the presence of molecular sieves, was stirred and heated under reflux for 3-4 h. The reaction mixture was then filtered through Celite and the solvent was removed under reduced pressure. The crude product was purified by flash chromatography [ethyl acetate-hexane]. and frequency calculations at the DFT level of approximation (B3LYP method 13, 14 ) with the standard 6-31+G(d) basis set. The nature of the stationary points resulting from geometry optimization was checked by analysis of the corresponding Hessian matrices. Thermochemical properties (at 298.15 and 383.15 K, the latter being the temperature at which the reactions were conducted) were computed for all calculated conformers and their relative abundances were estimated using the DG o ¼RT ln K c equation, where DG o is the standard Gibbs free energy relative to the most stable conformer and K c is the concentration ratio of a given conformer to the most stable conformer. The transition states for conformational interconversions were also calculated at the same level of theory, with the STQN 15 (QST3) method, for chosen pairs of conformers differing by internal rotation around the C]N or C-N bond. All the above-mentioned calculations were performed using Gaussian 03. 16 
